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Abstract
NASA, at the John F. Kennedy Space Center (KSC), developed and operates a unique
high precision lightning location system to provide lightning related weather warnings.
These warnings are used to stop lightning-sensitive operations such as space vehicle
launches and ground operations where equipment and personnel are at risk. The data
is provided to the Range Weather Operations [45 thWeather Squadron, U. S. Air Force
(USAF)] where it is used with other meteorological data to issue weather advisories and
warnings for Cape Canaveral Air Station (CCAS) and KSC operations. This system,
called Lightning Detection and Ranging (LDAR), provides users with a graphical
display in three dimensions of 66 MHz radio frequency events generated by lightning
processes. The locations of these events provide a sound basis for the prediction of
lightning hazards. NASA and Global Atmospherics, Inc. are developing a new system
that will replace the unique LDAR components with commercially available and
maintainable components having improved capabilities. These components will be
phased in to ensure full continuity and access to this important warning technology.
These LDAR systems are expected to eventually be available for installation and use
by the public at specialized facilities, such as airports, and for general weather
warnings via the National Weather Service (NWS) or television broadcast. The NWS in
Melbourne has had access to real-time LDAR data since 1993 on an experimental
basis. This use of LDAR has shown promise for the improvement of aviation forecasts
and severe weather warnings. More so, it has opened the door to investigate the
feasibility of issuing lightning-related public advisories. The success of its early use
suggests that this technology may improve safety and potentially save lives, therefore
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constitutinga significantbenefitto the public. Thispaperdescribesthe LDARsystem,
the plansand progressof theseupgrades,and the potentialpublicbenefitsof its use.
Introduction
John F. Kennedy Space Center (KSC) operations emphasize safety. The
combination of Florida's frequent thunderstorms and the hazardous and expensive
equipment involved in space flight operations requires strict attention to lightning
hazards. Lightning can ignite propellants, induce damaging voltages and currents in
critical circuitry, and injure or kill personnel. KSC and the USAF Eastern Range (ER)
have experienced significant lightning induced system failures including the double
lightning strike to the Apollo 12 Saturn V launch vehicle, which almost aborted the
second moon landing mission in 1969; significant damage to the Viking 1 orbiter
spacecraft while inside a processing facility in 1975; and the triggered strike to and
subsequent loss of Atlas Centaur AC-67 launch vehicle in 1987. As a result of these
and other experiences, a major emphasis is placed on proper facilities protection, the
real-time monitoring of lightning hazards, and the cessation of sensitive operations
when lightning activity is occurring in the vicinity. These safety rules require systems
capable of measuring atmospheric electrical potentials and accurately locating lightning
events.
Lightning, and clouds posing the threat of lightning, in the KSC/CCAS area are
monitored using 6 separate systems, including a "field mill" network which measures
atmospheric electric potential gradients near the ground, the National Lightning
Detection Network (NLDN), a local equivalent of NLDN called Lightning Location and
Protection (LLP), a 5-cm weather radar (WSR-74C), a 10-cm Doppler weather radar
(WSR-88D), and the Lightning Detection and Ranging System (LDAR), described here,
for locating and displaying radio pulses produced by lightning events. Based on input
from these systems, especially LDAR, KSC lightning safety policy dictates that
personnel are warned of lightning events occurring near the KSC area and that specific
operational and personnel controls are established when lightning is detected within 5
miles of an operational area.
KSC developed and operates the LDAR system, which receives and detects
radio pulses emitted during lightning events and locates each pulse in local east, west,
and height coordinates. It operates on the principle of hyperbolic position location. In
this scheme, the difference between times of arrival of a signal received by two
separated radio receivers indicates that the source lies on a hyperbolic cone centered
on the baseline joining the two receivers. A hyperbola is defined as a curve such that
for any point on the curve, the difference in distances between that point and two fixed
foci is a constant. This constant is the difference in times of arrival multiplied by the
speed of light. By establishing a number of baselines, each one producing a hyperbolic
cone, the intersection of these cones gives the estimated position of the source.
LDAR was developed by Carl Lennon, a former NASA engineer, and others in
the mid-70's to support lightning research activities taking place in the KSC area. The
LDAR system was upgraded several times to support research objectives and came to
be unofficially relied upon to determine lightning risks to KSC operations. In the early
90's, Mr. Lennon and Launa Maier established the LDAR system as operational and it
has becomean integralpart of theweatherwarningsystemat KSCand CCAS. The
LDARsystemis operatedandmaintainedfor NASAby CommandTechnologiesInc.
(CTI) basedin SatelliteBeach,Florida.
LDAR System Description
The LDAR system has 7 VHF radio receivers (66-MHz center frequency, 6-MHz
bandwidth), one at the central site, and 6 on a roughly 10-kilometer circle (see figure 1).
The receivers form two Y-shaped arrays laid interlaced with each other in opposite
senses forming a star shape. Each remote site includes an LDAR receiving antenna, a
logarithmic RF amplifier, and a 4.4-GHz microwave line-of-site link back to the central
site. The log amp results in much higher dynamic range, but also minimizes amplitude
differences and rectifies the signal (i.e., all signal values are positive with no zero
crossings). At a pre-established signal level, the central channel triggers a recording of
81.92 microseconds of data from all 7 channels. Each data stream is sampled at 100
MHz with 8-bit resolution. The peak amplitude time tag is determined from each
channel and corrected for the known time delay due to the microwave transmission link.
The time of arrival from each remote site is subtracted from that of the central site and
used to form two solutions of location, one for each Y-shaped array. If the range along
the ground for two solutions agree to within 0.35 km when the determined range is less
than 7 km, or if they agree to within 5 percent of the range beyond 7 km, the solution is
declared valid. If not, a voting procedure involving all 20 combinations of sites is
implemented which compares the horizontal range solutions. If at least 7 of the
combinations agree, then the solution is declared valid.
The heart of the LDAR system is the Timing Interface Unit (TIU) which performs
the triggering, analog to digital conversion, data buffering, peak finding and differencing
of time of arrival between the detected peaks of each channel. There are two TIU's for
redundancy with manual switchover between them. The existing TIU's are wire
wrapped VME boards consistent with the fabrication of a prototype system rather than
an operational system. The circuitry and system software is unique and uses hardware
and firmware systems that are now obsolete, so finding personnel familiar with the
basic system approach is becoming very difficult.
The TIU provides the differences of time of arrival for a specific event to the
location processors. These DEC Alpha machines compute the x, y, z locations of each
detected event. A voting algorithm descibed above is used to provide an estimate of
the source location or to reject the event. This voting scheme results in rapid analysis
of incoming data, as many as 6,000 events per second, so that detection, location, and
display can occur in near real time. The system, however, discards about 60 percent of
detected events due to low vote count. This is thought to be due to a combination of
factors, including the use of peak value rather than waveform matching to determine
DTOA's, the long-time constant of the RF system which results in a smoothing of
peaks, the logarithmic signal amplification which increases dynamic range but also
smoothes peak differences, the change in order in time of events measured at widely
separated locations, the non isotropic emission of RF from the sources resulting in wide
variations in intensity at different locations, and the nonlinear nature of the LDAR
equations resulting in sign errors in x and y coordinates.
The acceptedpositionsolutions,inx, y, and z coordinates(east,north,up),are
providedto a displayprocessorwhichsendsa videooutputto the KSCOperation
TelevisionSystemon Channel43,availablethroughoutKSCand CapeCanaveralAir
Station. In addition,the digitaldataaresent byT-1 linesto RangeWeatherOperations
at CCASandto the NWSoffice in Melbourne,Floridawhichhave full-functionLDAR
workstationsfor the preparationof weatherwarningsand advisories. A representative
imageof lightningactivityas providedbythe realtime displayprocessoris shownin
figure2. Thedisplay is not staticbut replaystheeventsdetectedoverthe previous5
minuteswith increasingbrightnessas the mostrecenteventsaredisplayed. Thisshort
replay is repeatedeach minuteto givethe viewera senseof the stormactivity
dynamics. Displaypanelsareprovidedfor the east/westlocationof eventsand the
east/up locationof eventswhich indicateboth theoverallmovementof thestorm
activityandas an indicatorof the probabilityfor groundstrikes. In addition,a histogram
providesa plotof the numberof detectedeventsversustime to indicatethe trend in
strengtheningor weakeningof activity. Otherindicatorsprovidetime, date,and system
health information.
LDAR Upgrades
In order to reduce the operation and maintenance costs of LDAR and make the
benefits of the technology available to the general public, NASA has entered into a
Space Act Agreement with Global Atmospherics, Inc. (GAI) for the development of a
commercial LDAR system. This Agreement requires both parties to contribute efforts to
the development and testing of new systems intended to enhance the operational
concepts of LDAR and provide systems that are lower in cost, more easily
manufactured, easier to maintain, and have a longer technology life. Global
Atmospherics has a long track record of developing and implementing lightning
detection and location technologies and has a series Of products in operation and in the
process of installation worldwide. In addition, the company possesses core expertise in
lightning electromagnetics and signal detection, processing and compression
technologies. NASA's intent is to foster the development of technology to replace the
existing LDAR system components and facilitate the delivery of technology to the public
that will significantly enhance public safety.
Under this agreement, GAI will replace the one-of-a-kind signal processing
hardware (TIU) with a commercially viable mass produced equivalent which
incorporates improvements based on NASA's experience with the current configuration.
The commercial system may also include cost-cutting changes in the sensor array
geometry, antennas, signal transmission, and display components of the system to
improve its commercial viability. NASA is providing a test-bed capability for the new
system components and will help GAI compare data from the new systems with that
from the online LDAR.
GAI has already received LDAR-type data from a data collection system,
operated by Dynacs, that gathers the raw LDAR signals but at a higher data sampling
rate and not in real time. Using this data, GAI has developed and demonstrated
innovative approaches to signal analysis that will facilitate their approach to the
hardware digital signal processing system in the TIU. The LDAR operations contractor,
CTI, has provided GAI with two DEC Alpha computers, configured as an LDAR location
processorand displayprocessor,which havebeenusedto performend-to-endtestsof
theTIU usingrecordedLDARdata. GAI has installedthe TIUprototypeand DEC
machinesat KSCinparallelwith the LDARsystemfor evaluation.This evaluationis
ongoingand plannedto continueinto the summerof 1998.
NASA,through DynacsEngineeringInc., the EngineeringDevelopment
Contractor,is alsodevelopingan innovativesystemwhichcouldreducethe required
numberof remoteLDARstations. The currentsystemhas6 remotesites, eachwithan
LDARantenna,receivingelectronics,and a line-of-sightmicrowavelink back to the
centralsite. Maintainingthis equipmentin remotelocationsis timeconsumingand
sometimes,givenFlorida'swildlife,hazardous. Carl Lennon,the originaldeveloperof
LDAR,conceivedof a smallversionof LDAR,locatedat thecentralsite,whichwould
reliablyindicatethe directionof arrivalof a lightningpulse. NASAinstalleda prototype
system,a Y configurationof antennaswith 90-meterbaselinesand is developing
algorithmsto performreal-timeanglemeasurement.Giventhat threevariablesare
requiredto locatean event,eitherx, y, and z or azimuth,elevation,and range,this
ShortBaselineLDARwill providetwo of the threevariablesneededto unambiguously
locateanevent. This datacanbe mixedwith the dataprovidedby LDARor usedas a
qualitycontrolmeasure. Froma practicalstandpoint,the benefitsof a Short Baseline
systemincludea higheracceptancerate, increasedaccuracy,and,potentially,the
abilityto buildfuture LDARsystemswith fewer remotesites. Thishasbenefits,not only
in reducedequipmentacquisitionand maintenancecostsbut, also, reducedreal estate
and associatedcosts. Theremayalsobe locationswhere it is notpossibleto site 6
remotestations. This year, Dynacsplansto designandbuilda Short BaselineTIU,
includinga real-timedataprocessorto digitizefour channelsof VHFwide-banddataat
a samplingrateof 500 MHzandperformreal-timecrosscorrelationand position
solutions. An innovativeand fastalgorithmwasdevelopedto performreal-timeazimuth
and elevationsolutionsusingleast squarestechniques.
LDAR Applications in the Public Sector
Lightning detection and location systems are currently used for various public-
sector interests. They have become necessary and integral for providing insight into
the presence of electrical activity associated with convective storms, especially over
gap locations not covered by the traditional network of weather radars. Research
meteorologists have been analyzing such data over the past decade hoping to find
clues which might indicate tornadic thunderstorms or other forms of severe weather.
Thunderstorm-day climatologies are now being translated into updated climatologies of
flash density. Perhaps the overall popularity can be best exemplified by its acceptance
and use by many television weathercasters who now provide certain population groups
with lightning information.
However, these systems and the data they provide are of much lower location
accuracy than LDAR, while only concentrating on the higher intensity events of cloud-
to-ground discharges. Lower intensity events, such as in-cloud or cloud-to-cloud
events, which make up a predominate part of a thunderstorm's electrical character, go
undetected. The NLDN covers an extremely large geographic area, but is of less value
for providing local forecasts and warnings. Under a joint National Weather Service and
NASAexperiment,thedigital outputfromthe LDARlocationprocessorissent to NWS
Melbourne(MLB),whichhasa full-functionLDARworkstationat its disposal. The
intentis to explorethe potentialutilityof LDARto supportNWS'seffortsin the
protectionof lifeand propertyof all citizensof eastcentralFloridafromthe effectsof
hazardousweather.
NWSMLB hasoutlineda three-prongedapproachin assessingLDAR'sutilityas
it relatesto aviationforecasting,severethunderstormdiscernment,andpublic
advisories. LDARinformationis usedto optimizethe first-periodusageof "TS"
(thunder)and "VCTS"(vicinitythunder)in TerminalAerodromeForecasts(TAF's)for
the airportslocatedinOrlando,DaytonaBeach,Melbourne,andVero Beach. Specific
rules havebeenoutlinedrequiringforecasterreactionwhen LDAReventsaredetected
within 5, 10,or 20 nauticalmilesfromeach of the respectiverunwaycomplexes. In the
realmof severethunderstormdiscernment,MLBhasbeenusingLDARinformationto
improvethe probabilityof detection(andwarningleadtime)scoresof pulse-severe
stormswhich oftenresultin damagingmicroburstwinds. Togetherwith researchers
from MassachusettsInstituteof Technology(MIT),MLBanalysishasshownmerit in
trackingLDARflash ratesassociatedwithspecificconvectivecells,aswell as tracking
rapid increasesin LDARrates,for discerningpotentiallyseverestormsfrom non-severe
storms.
Finally,MLBhasembarkedonan attemptto addresslightningasa directand
advisableweatherhazard. Lightningannuallykills morepeoplein Floridathanany
otherweatherhazard,but the availabilityof total lightningdata, thefrequencyof
individuallightningevents,andthe largegeographicareasof responsibilityhavebeen
problematicissueswhichhavethwartedpreviousattemptsat establishingeffective
warningsystems. LDARhasgivenMLBforecastersanadvantageand hasopenedthe
door to explorethe inclusionof lightninginformationwithinpublic (NOWCAST)products
and eventualpublicadvisories. MLBhasalreadyused LDARto supportthe 1996
SummerOlympicsoccervenuein Orlando as well as other outdoor festivities. With
LDAR, the potential CG discharge is often evident during those critical periods of first
and last strikes or when lightning may travel greater distances from the parent storm
channeled through charged cloud or cloud debris. The NWS Southern Region
Headquarters has recently endorsed a project which has enabled MLB to explore
creative avenues of informing the public of impending lightning hazards. This project,
called Enhanced Lightning Information and Services Experiment (ELISE) has, as one of
its stated objectives, determining if NLDN data alone is sufficient for providing
enhanced lightning services.
With the next generation of LDAR, commercial applications will initially be
concentrated within the research community and the early customers are likely to be
universities, government, government laboratories, and a few private research
organizations. As costs come down and the value of the three-dimensional data
becomes more well known and understood, the commercial application may extend into
broadcast meteorology and lightning hazard detection for large private facilities
sensitive to lightning hazards ,such as the respective tourist attractions near Orlando.
The creation of derived products will further facilitate its usefulness.
Conclusions
LDAR has been shown to be highly useful to the spacecraft launch community
in reducing the hazards associated with lightning activity through a combination of
effective detection and display technologies coupled with an effective lightning advisory
system. NASA and the USAF are taking steps to improve the usefulness of LDAR and
reducing its operating costs by cooperating with a major commercial developer of
lightning warning systems to jointly make available improved LDAR component
technology. Not only will this development effort make more cost-effective warning
systems available to the government, it is expected to facilitate the commercial success
of these technologies and make them available to a broader public. The joint venture
between NASA and GAI is well on its way with highly innovative components developed
and under test at KSC. Several avenues are being investigated to provide technical
improvements that will reduce the number of remote detection stations or otherwise
dramatically improve costs. Potential users of LDAR-based systems must also gather
experience with the technology and develop effective procedures for its use. The
technology also has the potential to enhance the meteorologist's capability to assess
severe weather hazards including the potential for microbursts. Important experience
has already been acquired by meteorologists and has shown that airport weather
forecasts and public weather warnings can be enhanced through this technology. GAI
expects the first commercial system to be available in late 1999 or the following year.
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Figure 1. LDAR Site Locations Showing the Central Site (0) and the Remote Sites
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Figure 2. A Representative Image of Lightning Events Displayed by the LDAR System
